In this study, we apply a recently developed local similarity method to detect long-period long-duration (LPLD) seismic events using 1-month continuous waveforms recorded by a nodal array from the Incorporated Research Institutions for Seismology (IRIS) community wavefield experiment in Oklahoma. The local similarity method detects seismic events by correlating waveforms at each station with its neighboring stations. Using this method, we visually identify 21 potential tremor-like LPLD events lasting more than 300 s during the 1-month period. However, with beamforming analysis, we find that the source locations and waveform characteristics of these events are consistent with train-generated seismic signals from the nearby Union Pacific railway. Additional evidence includes amplitude decay away from the railway track, and similarities in frequency-time contents with other confirmed traingenerated seismic signals. This case study highlights the need of dense-array observations to distinguish between natural and anthropogenic LPLD seismic signals.
INTRODUCTION
Deep tectonic tremors (also known as nonvolcanic tremors) and low-frequency earthquakes (LFEs) are seismic events with low amplitudes, long periods, and long durations compared with regular earthquakes of similar sizes (Obara, 2002) . They have been observed at major subduction zones and strike-slip fault systems around the Pacific Rim (Peng and Gomberg, 2010; Beroza and Ide, 2011; Schwartz, 2015; and references therein) . Tectonic tremors and LFEs generally occur below the seismogenic zones where regular earthquakes occur, sometimes accompanied by geodetically observable slow-slip events (Rogers and Dragert, 2003; Obara et al., 2004) . Because they are extremely stress sensitive, they are essential for understanding deep fault structures and earthquake nucleation process (e.g., Obara and Kato, 2016; Chao et al., 2017) .
At shallower depths above the seismogenic zone, very lowfrequency earthquakes with characteristic periods of 10-50 s have been observed along several subduction zones (e.g., Ito and Obara, 2006; Walter et al., 2011; Hutchison and Ghosh, 2016) . Recent studies with ocean-bottom seismometers and absolute pressure gauges also revealed long-duration tremor signals and slow-slip events in the shallow subduction-zone environments (Matsuzawa et al., 2015; Wallace et al., 2016; Araki et al., 2017) . Shallow long-period long-duration (LPLD) tremor-like events have not been widely observed at major faults in continental settings, although episodic creep and slow-slip events have long been reported along several plateboundary faults that creep at shallow depths (Linde et al., 1996; Wei et al., 2013; Schwartz, 2015; Harris, 2017) . On the other hand, similar LPLD events at shallower depths have been observed during slow-moving landslides and glaciers (Helmstetter and Garambois, 2010; Gomberg et al., 2011; Winberry et al., 2013) , as well as during hydraulic fracturing operations in oil fields (Kanamori and Hauksson, 1992; Das and Zoback, 2013a,b; Hu et al., 2017) .
The detection and analysis of LPLD events at shallow depths could be affected by seismic signals generated by other natural or anthropogenic sources. For example, regional moderate-size earthquakes could be mistakenly identified as LPLD events (Caffagni et al., 2015; Zecevic et al., 2016; Chen et al., 2018) . Another source of contamination is human activities, such as injection operations, nearby road traffics, trains, or even air traffics (Riahi and Gerstoft, 2015; Li et al., 2018; Meng and Ben-Zion, 2018) . Certain types of sources are relatively easy to identify. For example, helicopters and airplanes typically produce seismic signals with clear Doppler effects, mimicking gliding harmonic tremors during or preceding volcanic eruptions (Hotovec et al., 2013; Eibl et al., 2015; Meng and Ben-Zion, 2018) . However, it is difficult to distinguish between seismic signals generated by trains and tectonic tremors during slow-slip events in several aspects: (1) they both have long durations, lasting several to several tens of minutes; (2) their dominant frequencies are in the relatively long period of 1-10 Hz (in comparison with microearthquakes of similar amplitudes); (3) sometimes they have harmonic frequency bands; and (4) their sources move at a speed of several tens of kilometers per hour (e.g., Shelly et al., 2011; Fuchs et al., 2017; Hutchison and Ghosh, 2017) . Hence, in search of LPLD tremor-like events, it is important to rule out potential contaminations of train-generated signals and other anthropogenic sources.
In this work, we present another case study of possible train-related LPLD tremor-like events recorded by the Oklahoma wavefield experiment nodal array (Sweet et al., 2018) . The significant increase in small-to moderate-size earthquakes in Oklahoma since 2009 was mostly attributed to wastewater injections after shale gas developments in that region (Ellsworth, 2013; Keranen et al., 2014) . Motivated by recent laboratory and field observations of tremor-type events during aseismic slip induced by fluid injections (Zigone et al., 2011; Guglielmi et al., 2015; Hu et al., 2017) , our initial target was to identify potential tremor-like signals recorded by the dense nodal array in Oklahoma . In the following sections, we first apply a recently developed local similarity method (Li et al., 2018) to identify LPLD tremor-like signals and then analyze their frequency content, wavespeed, and direction. We find that these LPLD signals are likely seismic footprints of the traveling train to the west of the array. We also present a catalog of possible train-related events during the 1-month recording, which can be used as a reference for other studies with similar targets or the same dataset.
DATA AND METHOD
The IRIS community wavefield demonstration experiment was deployed near the town of Lamont in north central Oklahoma, and the ultra-dense seismic array was recorded from 22 June to 20 July 2016 (Fig. 1 ). This array includes 361 three-component nodal sensors deployed as 3 lines, a 7-layer nested gradiometer subarray and 18 broadband stations collocated with some infrasound stations; a near northsouth-strike railway track is located about 10 km to the west of the dense array ( Fig. 1) . We use all nodal stations for the initial event detection and the broadband stations for subsequent analysis of the detected signals.
We use the local similarity method (Li et al., 2018) to detect seismic events recorded by this large-N array. The local similarity of a single station is defined as the stacked cross correlation (CC) between the record of this station and those of its four nearest neighboring stations. This is based on the simple fact that interstation spacing in this array is so small that the waveforms on nearby stations are very similar. After calculating the local similarities for all stations, we stack them to obtain a mean local similarity trace. For short aperture arrays (e.g., < 20 km), the maximum time shift across the array is so small (e.g., less than a few seconds) that direct stacking of local similarity traces can be still constructive. After CC of nearby waveforms and stacking of local similarity traces, incoherent noise is suppressed, and coherent signals are enhanced. Because this method does not require any prior information about the target signals, it can be used to detect unknown types of events.
Our detailed analysis procedure is described later. We first download all the waveforms recorded by the nodal stations in the wavefield experiment (network code YW) from the IRIS Data Management Center (DMC). We filter the data in 5-10 Hz and downsample by a factor of 10 (from 250 to 25 Hz); this frequency range is chosen to suppress regional and teleseismic signals and higher frequency local noises (Li et al., 2018) . Next, we apply the local similarity method to the preprocessed data. We use a 1-s time window with moving step of three resampled data points to calculate sliding window normalized CC between two stations. The CC at a given time step is the searched maximum value over a time-window length corresponding to the arrival-time difference between the two stations. We then average the CC traces of one master station with its four nearest neighbors to obtain a single local similarity trace for the master station and followed by stacking the local similarity traces for all the stations. Finally, we visually inspect the mean local similarity traces and identify long-duration events that are clearly above background noises.
After identifying these LPLD events, we apply a beamforming technique to the 7-layer nested gradiometer subarray to obtain the back azimuths and incidence angles of these events (Rost and Thomas, 2002; Helffrich et al., 2013; Sun et al., 2015) . We use this gradiometer subarray for the beamforming analysis because its small aperture (< 2 km) can satisfy the plane-wave assumption. Following Sun et al. (2015) , we compute the broadband frequency-wavenumber (BBFK) spectra of band-pass 2-8 Hz filtered waveforms using the BBFK command in Seismic Analysis Code and obtain the wavenumber and back azimuth with a 120-s time moving window with 50% overlap (i.e., shifting 60 s each time).
RESULTS
During the 1-month recording period, we visually identify 21 tremor-like events. Figure 2 shows an example of mean and individual local similarity traces on 29 June 2016 06:00-07:00 UTC (Julian day 181). We can clearly observe several sharp spikes that are local earthquakes, most of which matched with events listed in both the Oklahoma Geological Survey (OGS) catalog and newly detected microearthquakes with the same dataset (Nakata, 2017) . In addition, there is an ∼1000-s LPLD event with local similarity slightly higher than the background level (Fig. 2a) . The individual local similarity traces (Fig. 2b ) also show such long-duration event in the first half hour. A total of four LPLD events have been identified on that day (Fig. 2c) , together with many earthquake-like signals.
Next, we compute the spectrogram of the same LPLD event recorded by the broadband station 508. In addition to a few vertical stripes, the majority of the tremor-like signals show clear harmonic frequency contents (Fig. 3) . The corresponding sound by speeding up the playback 100 times (Kilb et al., 2012) can be found in Ⓔ Movie S1 (available in the electronic supplement to this article). We observe a gradual increase and decrease in frequency over time, which is also shown for other events and recorded by the nodal station for the same event (Ⓔ Fig. S1 ). Such harmonic frequency contents and temporal variations are similar to other confirmed cases of train-generated signals (Chen et al., 2004; Quiros et al., 2016; Fuchs et al., 2017) and a broadband seismic station deployed ∼3 km of a different railway track in Morrison, Oklahoma (Ⓔ Fig. S1 ).
We then obtain the back azimuth and wavenumbers from the beamforming analysis on 29 June 2016 05:00-07:00 (Fig. 4) . The time window corresponding to the LPLD event delineates a moving source with back azimuth changing from 305°to 250°. The frequency-wavenumber (f -k) amplitude (beam power) contour of several time windows during the LPLD event can be found in Ⓔ Figure S2 . Based on the relationship between wavenumber k and horizontal slowness p, we estimate the apparent velocity c app f =k 1:36 km=s in which f 3:5 Hz is the dominant frequency and k 2:58 cycle=km is the wavenumber obtained from peak BBFK spectra (Helffrich et al., 2013) . Furthermore, we estimate the incident angle θ 61:92°by c app c= sin θ, and here we assume c 1:2 km=s, an average surface shear-wave velocity in Oklahoma (Fletcher et al., 2006) . The relatively large incident angle suggests that this LPLD event is likely from a shallow source. Figure 5a shows the 2-to 8-Hz band-pass filtered waveform of the LPLD event recorded by selected stations from the horizontal seismic line with a constant spatial interval. The amplitudes of the tremor-like signals decay systematically from west to east. To better quantify whether the signals are originated from passing trains on the nearby railway, we compute the sum of the squared velocity between 22,140 and 22,980 s relative to 29 June 2016 00:00:00 (29 June 2016 06:09:00-06:23:00), which are the starting and ending time obtained from beamforming analysis, and use it as a proxy for radiated seismic energy. As shown in Figure 5b , the squared velocity sum decay roughly follows a log-linear relationship with d, in which d is the shortest distance from the railway track. We compare the decay rate with body-wave decays of surface
Qv , where we assume f 5 Hz, v 1:2 km=s, and the term exp− πf d
Qv is a result of attenuation. We find that the attenuation factor Q between 50 and 150 provides a good fit to the curve (Fig. 5b) . The cumulative energies of two events at all nodal stations are shown in Ⓔ Figure S3 . Figure 5 and Ⓔ Figure S3 show that stations in the western side have generally higher energy than the eastern side, consistent with westward location of the railway. Generally, the signals become visually undetectable on stations with distances larger than ∼15 km from the railway. To demonstrate that the moving source has little effect on the decaying of energy, we use a smaller time window of 120 s (with 60-s overlap) and recalculate the normalized energy with distances. As shown in Ⓔ Figure S4 , we do not observe any clear change in the decay rate with time, suggesting that the moving source did not affect this calculation.
DISCUSSION
Recent studies have shown that hydraulic-fracture operations could induce LPLD tremor-like events (Das and Zoback, 2013a,b; Hu et al., 2017) . Although some LPLD events in their studies might be small regional earthquakes (Caffagni et al., 2015; Chen et al., 2018) , the characteristics of the LPLD events observed in this study are different from any of them. For example, the duration of our detected LPLD events is more than 300 s, much longer than the typical duration of 30-60 s for the LPLDs in the other studies. Furthermore, whereas the dominant frequency of our LPLD events is less than 10 Hz, the LPLD events during hydraulic fracturing can reach up to 60-100 Hz (Das and Zoback, 2013a,b; Hu et al., 2017; Chen et al., 2018) . These differences suggest that the source mechanisms of LPLD events observed in this study are different from recent observations near hydraulic fracturing sites.
Detailed analysis of the waveforms and spectrograms of these LPLD events revealed that they are seismic footprints of traveling trains along a Union Pacific (UP) railway 10-20 km to the west of the array. The first supporting evidence is that the spectrogram of the LPLD event shows harmonic frequency bands and the Doppler effect, which is a typical feature for train signals (Chen et al., 2004; Quiros et al., 2016) . We note that the harmonic frequency bands in other studies are much higher, which is likely due to the much longer source-receiver distance (∼10 km) in this work than the distances in their studies (∼300 m). Fuchs et al. (2017) suggested that track or wheel irregularities and static axle load are main mechanisms of vibrations generated by trains. Whereas wheel irregularities represent moving source and would have Doppler effect, axle load is quasi-static and explains constant spacing between spectral lines. The overtones with increasing and decreasing frequencies and spectral lines with constant spacing observed in our study could be a combination of multiple wheel regularities and axle loads.
The beamforming analysis on the ultra-dense gradiometer subarray shows moving sources from north to south, west of the subarray for most LPLD events, and 1-2 events moving from south to north, both consistent with the azimuths of the railway. Assuming that the source is on the railway, we estimate the source to move at a speed of ∼80 km=hr, which is also comparable to a typical freight train speed. Unfortunately, the detailed schedule on the UP railway is not openly available at this stage. Hence, we cannot confirm our observation with known train schedule. Comparison with seismic data recorded In regions where seismic arrays are exposed to heavy cultural noises (e.g., trains, highways, helicopters, wind turbines), it is possible that the corresponding seismic signals might be mislabeled as natural events, such as LPLD tremor events or microearthquakes (Riahi and Gerstoft, 2015; Meng and Ben-Zion, 2018) . Hence, we need to be cautious when analyzing seismic data in these regions (e.g., Hutchison and Ghosh, 2017) . There are also some other types of anthropogenic noises in our study region. For example, the beamforming shows a constant back azimuth around 180°, and we believe this is from noise of a nearby wind farm located to the south of the array (Stammler and Ceranna, 2016) . We rule out the possibility that our detected LPLD events are from signals generated by wind turbines for the following reasons: the location of LPLD events start from northwest to the ultra-dense array, which is different from the locations of wind turbines. The occurrence time of the LPLD events did not show any correlation with the hourly wind speed. In addition, the wind turbines are evenly distributed from west to east, so it is not likely to cause a higher cumulative energy on the western part of the array.
Finally, the observation of energy is compatible with the assumption that the source of the signal is from the vibration of trains on the nearby railway. The decay rate of energy across the linear array perpendicular to the railway fits well with bodywave decay considering near-surface attenuation from sediments. In addition, we did not find any events with higher energy in the eastern side of the array, indicating the signals persistently come from the west.
CONCLUSIONS
In this study, we detected 21 LPLD tremor-like events in Oklahoma from seismic data collected by the IRIS community wavefield experiment array. Our subsequent analysis revealed that they are most likely generated by moving trains along a nearby railway rather than generated by slow slip induced by hydraulic fracturing or wastewater injections. We came up with a catalog of train-related LPLD events identified with both local similarity and beamforming methods and the stacked local similarity trace for all 30 days (Ⓔ Table S1 , Figs. S5-S7). These possible train-related signals could be used as a potential labeled dataset for future automatic detection and classification of similar signals in this and other regions. the IRIS Data Management Center (DMC; http://ds.iris.edu/ mda/YW?timewindow=2016-2016, last accessed June 2018).
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